disease. Urinary proteins may be quantitated as total protein or single specific proteins, or differentiated by examining the pattern of proteins present.
Total protein determination is based on turbidimetry, dye-binding or colour formation.
1
Turbidimetric methods rely on precipitation either by acid or benzethonium chloride. They require careful control of reaction conditions and suffer, in varying degree, from interferences due to co-precipitation of non-proteins and unequal sensitivity of proteins to these reagents. Dyebinding methods (Coomassie Blue 0250 or Pyrogallol Red) depend on an absorbance wavelengthshift of the dye when bound to protein. They are sensitive but, despite the addition of a detergent to equalize the response of albumin and globulins, some tubular and pre-renal proteinurias are underestimated. Finally, colour reactions (Folin-Lowry or Biuret methods) are susceptible to many interferences and require tedious separation stages. The Biuret method is used as a reference procedure for urinary protein; copper ions react with the peptide bond in alkaline solution, so there is an equal response per unit mass of protein.
Correspondence: Dr J C Baer.
Total protein determination has limited reliability as a quantitative test; e.g. microalbuminuria, which is important as a determinant of progression to clinical glomerular disease, is more accurately measured as a single analyte.? Although a number of urinary proteins have been individually measured by immunoassays, laboratory analyser methods are limited to a few well-defmed proteins. Candidate markers of renal tubular dysfunction include retinol-binding protein, O!l-rnicroglobulin, {j2-rnicroglobulin (which is unstable in urine below pH 6· 0) and N-acetyl-{j-D-glucosarninidase (an enzyme released during renal tubular damage). One interesting approach to screening unselected urines has been the use of a Kone Specific" analyser to quantify and differentiate proteinurias in a single automated programme.v' Detection of raised N-acetyl-{j-D-glucosaminidase/creatinine and albumin/creatinine ratios was sufficient to detect 970/0 of 67 unscreened urine samples which showed elevation of one of a range of protein analytes. By plotting O!I-rnicroglobulin/creatinine ratio against albumin/creatinine ratio for 150 nephropathic samples, two distinct groups of glomerular and tubulointerstitial disease became evident; all patients with interstitial nephropathy had elevated O!l-microglobulin above 14 mg/g creatinine. This approach would not detect most pre-renal disease. The measurement of an additional indicator protein, 0!2-macroglobulin (with a positive teststrip result for haem pigment) enabled differentiation between post-renal, glomerular and tubular haematuria in a further 80 patients." The presence of 0!2-macroglobulin (M, = 720 kD) in urine indicates post-renal bleeding as it is filtered only in trace amounts by the glomerular basement membrane.
Determining the actual mix of proteins in urine provides information for diagnosis and monitoring which may be overlooked using single protein determinations. In addition, some proteins (e.g. small Bence-Jones proteins) usually require immunoelectrophoresis for differentiation from normal polyclonallight chains. Previous methods for analysing protein patterns have often concentrated urinary proteins before analysis, because of their low concentration in normal samples which made the analytical procedure quite labour intensive for a clinical laboratory. Over the last decade, commercial procedures have been introduced with the aim of deskilling the assay of urinary proteins. Such procedures include micro version of polyacrylamide gels, such as the PhastGel system (Pharmacia, Milton Keynes, UK}.5 More recently, chromatography has been used for the separation and identification of urinary proteins. These methods avoid pre-treatment of urinary samples, which is important as abundant proteins, such as Tamm-Horsfall protein, can be lost simply by centrifugation or filtration." Chromatography is also relatively easy to automate, both with regard to the separation of proteins and the quantitation of protein fractions.
In this article the merits of sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) are compared with chromatography and the relatively new technique of capillary zone electrophoresis for the analysis of urinary proteins.
MICRO SDS-PAGE
In SDS-PAGE electrophoresis a detergent (sodium dodecyl sulphate) binds strongly to proteins and gives the molecules an approximately constant negative charge to mass ratio. This permits molecular weight determination of protein bands according to their mobilities. Sharp bands throughout a wide range of plasma proteins excreted in urine (10-400 kD) can be separated on gradient gels and stained automatically. Further resolution of co-eluting peaks from the initial separation (e.g, proteins with a low isolectric point (pI), such as al-microglobulin and ai-acid N increases with column length, and 2 m capillary columns (0' 35 mm internal diameter) of fused silica containing the TSK packing mentioned above have been shown to give better resolution. 12 Unfortunately, the low flow-rate means a run time of about 3 h and there are problems of protein adsorption to the column surface.
Size-exclusion chromatography Size-exclusion chromatography, the chromatographic equivalent of SDS-PAGE, can separate proteins and yields a linear relationship between the logarithm of molecular weight and elution volume. In 1982 a profiling method!' was developed that used two columns (10 /Lm TSK G 3000SW; Tosoh Corporation, Kanagawa, Japan) in series; each separation took 30 min and a de-salting step was required. A wide range of proteins could be separated (10 kD to 600 kD), with moderate resolution: albumin (68 kD) and a transferrin (78 kD) could not be separated by this technique but they could be by SDS-PAGE. The basic types of selective and non-selective glomerular, tubular and mixed renal proteinurias could be identified. The peak capacity (n) in this mode of chromatography is inferior to other chromatographic modes and depends" on the number of theoretical plates (N):
(typical coefficients of variation = 9-19010) 9 or by adding an internal standard which does not interfere with the proteins of lnterest.P In addition, it would be preferable for screening purposes to replace the batch nature of this test with continuous automated analysis.
n=1+O·2N°·C

OLUMN CHROMATOGRAPHY
Anion exchange chromatography An anion exchange method on 10 /Lm polymeric Mono Q beads has been optimized using electrophoretic titration curves (mobility through a preformed pH gradient) of selected urinary proteins <.B2-microglobulin, retinol-binding protein, ai-acid glycoprotein and albuminj.P'!" A neutral to alkaline salt gradient is used. Sharp peaks are observed for these four proteins ( Fig. 1) as well as pre-albumin and monoclonal light chains (Bence-Jones proteins). Immunoglobulins elute mainly in the void volume, as their separation had not been optimized. Samples can be analysed in 60 min, including de-salting prior to separation. glycoprotein) can be achieved by a second pass through the Mono Q column with an acidic salt gradient" or by chromatofocusing.!? Lysozyme, which has an alkaline pI and is not retained by this column, can be resolved using the corresponding strong acid cation exchanger Mono S. 16 Approximately one-third of serum proteins have a pI which is too alkaline for anion exchange columns; the high pH required for binding may cause protein denaturation. An alternative method is to use anion and cation exchange media, based on the same matrix, either in tandem columns or in a mixed bed column. 18 ,19 Acidic and basic proteins can then be separated in a single run at pH 7, eluting with a salt gradient. Excellent separation for such a mixture of seven proteins was obtained using a mixture of 300 Apore strong anion and cation exchangers, with no protein eluting at the void volume. This approach also offers higher selectivity than for a single stationary phase. Some model proteins do not show linear dependence of retention on the composition of the mixed anion-cation exchanger.
Affinity chromatography
Dye-affinity chromatographyv-" on immobilized Cibacron Blue F3-0A bound to 150-300 JLm Ann C/in Biochem 1994: 31 agarose beads (Affi-gel Blue) has been used to fractionate plasma proteins into at least 10 fractions, although the peaks were rather broad. The dye appears to have some specificity for proteins with a nucleotide binding site, although the major interaction seems to be electrostatic; hydrophobic or size exclusion effects are less important. IgO and IgA elute mainly in the first fraction (as does ai-acid glycoprotein) and albumin is eluted at high salt concentration or with a chaotrope such as thiocyanate.
Affinity methods using related triazine dyes on a vinyl polymer matrix (Fractogel TSK; Tosoh Corporation) give markedly different elution profiles-see IgM and albumin in Table 2 . Anspach et al., 22 investigating this adsorption process, suggested that pore compression occurs with Fractogel following dye-binding. This may cause some proteins to have a weaker association with this dye-matrix than agarose or acrylic matrices.
This suggests that proteins with different affinities for the dyes could be further separated in a tandem system of columns. One disadvantage of these textile dyes is their commercial origin: they have unknown composition and their exact chemical structures are not always revealed. This fact could explain the multiple peaks seen for A large number of proteins have been separated and purified on immunoadsorption columns. Urinary albumin has been quantitated on a silicabound anti-human serum albumin (anti-HSA) column without interference and with a limit of detection, by fluorescence, of O·4 mg/L. 23 These columns have a limited usefulness when examining a range of physiological proteins. One approach has been to use tandem chromatography to widen the range of analytes. For instance, albumin and IgG can be separated on anti-HSA and protein A packings in series," with column switching. By careful choice of mobile phases other immunoglobulins are removed from the anti-HSA column; e.g. by a washing step in pH 7 buffer, preventing contamination of the protein A column. Albumin is then eluted separately, at pH 3, before it can bind to protein A.
A novel mode of affinity separation that may find wide usage is the use of metal ions bound to chelate packings such as iminodiacetate-agarose or tris(carboxymethyl)ethylene diamine-agarose."
This offers the prospect of selective purification of proteins, as metal-binding sites are a common feature of proteins. The mechanism of metalprotein interaction is ligand exchange, presumably via nitrogen atoms of constituent amino acids. Binding is pH dependent with elution at higher pH, although recoveries can be variable and incomplete. The complexity of interactions renders rational development difficult at this stage.
Reverse-phase chromatography
Arai et al. 26 ,27 used a C I8 column to separate four proteins (Fig. 2) : {j2-microglobulin, aI-acid glycoprotein, transferrin and albumin (which has a complex peak). Samples (10-100 ILL) were directly injected onto the column without pre-treatment. Correlation with radioimmunoassay for these proteins was good and the minimum detectable concentration varied from o·25 mg/L {j2-microglobulin to 2· 5 mg/L aI-acid glycoprotein at 210 nm. They determined the at-acid glycoprotein: albumin ratio in children with renal disease: this ratio is significantly higher in patients with glomerular nephritis than in healthy children FIGURE Fig. 1 ).
Reverse-phase chromatograms'" ofstandard proteins (a); normal urine (b); urine from patients with nephrotic syndrome (c) and Lowe's syndrome (d) (Peaks are labelled as for
columns and contain residues of the desired hydrophobicity, usually octyl-or phenyl-groups. Proteins are 'salted-out' onto the column with eluents such as 2 M ammonium sulphate and eluted by decreasing the ionic strength of the buffer. Less hydrophobic packings may not retain some proteins whilst other proteins may be retained too strongly on more hydrophobic packings leading to denaturation. Zwitterionic detergents such as CHAPS [3-(3-cholamidopropyl)-dimethylammoniopropane sulphate] have been used in HIC to reduce the strength of protein interaction by competing for binding sites.'?
Chromatofocusing, the chromatographic equivalent of isoelectric focusing, can separate a range of proteins on the basis of their pI. However, the mobile phases used in focusing are polyampholyte buffers which operate over a limited pH range, are expensive, heterogeneous, and can interact with certain proteins. Attempts have been made to address these problems by devising complex mixtures of low molecular weight buffers that operate over a wider pH range (3' 5 to 8),31,32 although these buffers have significant UV absorbance, particularly below 240nm. 28 could also separate f:l2-microglobulin, ai-acid glycoprotein and albumin in urine. The limit of detection at 218 nm was 1 mg/L of each protein. Mean analytical recoveries were 92-100070. Alpha 2 uglobulin and albumin have been quantitated by similar techniques, which may be useful as an indicator in toxicology studies for renal damage." Proteins are separated on the basis of chain length and hydrophobicity in reverse-phase chromatography. The use of acidic mobile phases in an organic solvent gradient has often been associated with variable recovery due to denaturation of certain proteins. The development of non-porous packings, described below, may overcome this problem.
RAPID CHROMATOGRAPHIC TECHNIQUES
Other chromatographic modes Hydrophobic interaction chromatography (HIC) is also suitable for the separation of a range of proteins. Packings are similar to reverse-phase The methods developed above have analysis times of about 1 h for each sample, and shorter times would make chromatography more attractive. Two new types of chromatographic matrix have been recently developed whose separation efficiency is relatively insensitive to flow-rates.
Membrane chromatography
The use of a thin porous membrane has been claimed to achieve equivalent separations to conventional HPLC columns. 33 ,14 The membrane is similar to an ultrafiltration device: macroporous poly(glycidyl methacrylate) discs of 2-10 mm thickness and 10-50 mm diameter are housed in cartridges. There is a low pressure drop across these thin, wide discs and optimal flow rates of up to 5 mL/min permit rapid analysis times. An advantage of glycidyl methacrylate co-polymers is the possibility of preparing a range of ion exchange or hydrophobic interaction columns from a single matnx" (Fig. 3) .
Serum proteins can be separated on DEAE membranes into six fractions in 6 min, with over 90070 recovery. It was thought that small particles were required for high efficiency and to compensate for the loss of surface area with non-porous packings, resulting in elution at high pressures (or elevated temperature to reduce mobile phase viscosity). Nimura et al. showed that a mixture of five proteins could be separated by gradient reverse-phase chromatography at 4 mL/min and 75°C on a column of non-porous C I8 spherical silica in 20 S.4O Equivalent efficiency was shown with 2, 5 and 20 /Lm particles. Almost equivalent resolution could be attained with the 20 /Lm packings at lower pressure and room temperature. This shows that the particle size, important in plate theory, is less significant in gradient separations, which is consistent with 'on-off' adsorption of proteins-separation by continuous adsorption-desorption being negligible. This fact is also reflected in the growing use of short columns for protein analysis, with consequently lower operating pressures.
An alternative approach has been to convert macroporous agarose beads into non-porous beads by shrinking and cross-linking in organic solvents. 41, 42 This renders them impermeable to proteins, and they exhibit favourable adsorptiondesorption kinetics which allows flow rates of up to 4 mL/min, independent of resolution. Similarsized non-porous glass beads also showed fast binding kinetics.22 Using a 6 em column of 3-dimethylamino-2-hydroxypropyl (DMAHP)-agarose (bead diameter approximately 15 /Lm) as an anion exchanger, six serum protein standards could be separated in less than 3 min. (This ignores the time required for de-salting.) Recovery of three model proteins was almost quantitative. These gels operate at slightly higher pressure than membranes (6 bar at 0,5 mL/min for a 2·5 ern cclumnj."
detergent Triton X-l00 (reduced) improves resolution, recovery and prevents the aggregation of albumin with other proteins. Non-ionic and zwitterionic (CHAPS) detergents have no adverse affects; SDS, however, binds to proteins giving them uniform negative charges, so this mode of chromatography is no longer feasible. A 20 mm diameter, 10 mm thick cellulose membrane is available commercially as a weak anion or cation exchanger (DEAE or CM MemSep, Millipore, Bedford, MA, USA);36 other anionexchange membranes include Zeta Prep DEAE and Acti Disc DEAE (FMC, Rockland, MN, USA).
Non-porous stationary phases Since Unger and co-workers presented a chemically bonded non-porous silica gel with 1· 5 /Lm particles for protein separation,37,38 it has been demonstrated that these packings are more suitable than porous packings for the separation of proteins. According to the Knox equation'? the efficiency (H) of a well packed column is related to the following:
where u is the mobile phase velocity, A the term due to eddy diffusion and interparticle mobile phase mass transfer, B the longitudinal diffusion coefficient and C is the intra-particulate mass transfer effect.
The use of non-porous pac kings eliminates the C term and A and B are relatively constant for spherical particles of the same size in the same column dimensions, so the efficiency should increase. This effect is more pronounced for larger molecules, which diffuse into and out of pores more slowly. High flow rates and steep gradient conditions cause drastic loss of efficiency for porous columns.
DETECTION
UV absorbance
Proteins containing aromatic acid residues have an absorbance maximum near 280 om. This absorbance (A28Q) is not sufficiently intense for the chromatography of unconcentrated urine samples, nor is there a uniform response for different proteins. However, a recent paper,44 looking at a 20-year-old method of correcting A 280 of proteins by measuring peptide bond absorbances at low wavelengths, showed that many proteins have a similar absorbance at about 205 nm on a mass basis." Twenty-six proteins (including glycoproteins and proteins with chromophores such as myoglobin) were separated by size exclusion chromatography and quantitated at 205 nm with less than 10% error. This method of detection is feasible for chromatography using optically clear buffers and purified solvents; for instance, many detergents absorb in the far UV. Reverse-phase methods using detection at 210 nm have a detection limit for urinary albumin of 2mg/L. 26
Dye-binding
Recently two dye-binding methods have been introduced for urinary total protein assays that claim a high sensitivity and approximately equal response for both albumin and IgG-a modified Bradford method 46, 47 using Coomassie Blue G250 dye and a Pyrogallol Red-Molybdate'v" method. It follows that proteins could be 'derivatized' by these reagents, the excess reagent removed by desalting and the proteins chromatographed as their dye complexes.
In the case of the Coomassie method the reagent is prepared as usual in phosphoric acid, but SDS (30 mg/L) is added (the dye is no longer produced industrially and a purified version, Serva Blue, is available from Serva, Heidelberg, Germany). This has the effect of reducing the absorbance at 595 nm of albumin and transferrin dye complexes, so that they have almost equal sensitivity with the IgG dye complex. The mechanism of protein binding appears to be via the anionic form of the dye to basic (especially arginine) and aromatic acid residues.P The authors claim their method is suitable for total protein determination in both urine and cerebrospinal fluid. Of a range of proteinuria samples tested, all gave concentrations of 80 to 100070 of the reference (Biuret) method, with the exception of about half the tubular proteinurias (60-80% of the reference method). Bacterial peptides did not have a significant absorbance and no drug interferences were noted. This technique suffers from limited linear response to protein concentration; however, a method which selectively bound proteins to paper discs with subsequent solubilization of the protein-dye complex!' showed a linear plot of log absorbance against log protein concentration. An unsolved problem with using Coomassie Blue binding as a detection system for chromatography is that the proteindye complex is insoluble in aqueous solutions'S and has a tendency to stick to surfaces.
The pyrogallol red-molybdate method is also a rapid one-step assay for urinary total protein and is linear up to 16000 mg/L. Like the Bradford Ann Clin Biochem 1994: 31 method, it can be modified by addition of 25 mg/L SDS to give equal reactivity of albumin and 'Y-globulins. The dye binds basic residues, and SDS competes with the dye to bind these groups. There was a good correlation with a reference (Biuret) method although ai-acid glycoprotein is poorly detected by this method and light chain proteins are underestimated (68% and 78% of the reference value for K and>. chains, respectively). The authors claim their modified method is at least as good as the modified Coomassie method with the advantages that the reagent is stable for 6 months and the dye does not adhere to surfaces.
Post-column detection
A high-performance liquid chromatography (HPLC) post-column detection method with pyrogallol red-molybdate has been devised, S3 using direct injection of untreated samples; the limits of detection are 3 mg/L for albumin, 5 mg/L for fj2-microglobulin and 6 mg/L for transferrin. The chromatographic conditions are a modified version of those described by Cooper et al." IgG has a reactivity which is 56% that of albumin; adding SDS to the pyrogallol red-molybdate reagent to equalize protein responses causes peak broadening and lowered sensitivity.
This method could readily distinguish between HM r and LM r proteins. Two markers of tubular function-retinol-binding protein (holo-and apoforms) and {j2-microglobulin with its degradation products could be detected. fj2-microglobulin is a common marker of tubular function, but rather unstable in urine samples below pH 6,0. 2 Similar post-column methods have been devised for the Biuret S4.ss and LowrySS reactions. A 3 m coil was required for the reaction (40 sat 50°C). In the Biuret method a single reagent is added but the method is rather insensitive and cannot be used for detection of peptides. The Lowry reagent is about eightfold more sensitive with a limit of detection of 5-10 p.g protein (0'1 p.g for proteins containing tyrosine). The Lowry method, however, uses two reagents which corrode conventional HPLC pump seals.
CAPILLARY ELECTROPHORESIS
Capillary zone electrophoresis (CZE) is a rapidly evolving technique that has the potential to give fast separations with high resolution and good quantitation. In practice, proteins tend to interact with the fused-silica capillary wall, leading to broad peaks and poor quantitation. This can be partially overcome by the use of high or low pH buffers, buffers additives such as ethylene glycol,56 or coated capillaries." Examples of the separation of serum proteins 45,57,58 and milk proteins" have been described. Urinary proteins" have been separated in uncoated fused-silica capillaries at pH 10, but required dialysis to remove the large number of interfering small molecules detected at 214 nm. Diluted serum samples can be separated in less than 6 min with a resolution comparable to conventional agarose gel electrophoresis; running at a higher voltage gradient (800 VIcm) obviates the need for a column washing step between samples. Retention time reproducibility is generally good (run to run coefficients of variation < 1010), and internal standards such as dimethylformamide" or dyes 60 have been used.
Electrophoretic mobility in uncoated capillaries correlates well with qIM r o' 67, where q is the calculated polypeptide charge." CZE in polymerfilled capillaries and SDS buffer results in linear plots of protein mobility versus log M r6O,62 over less than a decade of molecular weights, due to the uniform nature of the gel. Although the SDS molecular sieving technique will undoubtedly be commercially developed, the methodology has not yet been optimized: capillaries with covalently-linked polyacrylamide have a short life-time «40 injections), whereas those with unbound polymer matrices must be reformed for each injection. The most common detection mode for proteins is optical detection at far UV wavelengths (190-215 nm) . The chief limitation of CZE, at present, is the relatively poor limit of detections! for biological samples. This is due to the nanolitre injection volumes required to reduce band spreading. More sensitive laserinduced fluorescence detectors or preconcentration techniques such as isotachophoresis'" provide a partial solution to this problem. Depends on column lifetime conventional porous protein columns by using non-porous packings or, possibly, membranes.
Methods that detect a range of proteins with similar sensitivity have already been developed. They could be based on far UV detection, although some urinary proteins have non-uniform responses. The use of a dye method (pre-or post-column detection) would require a means of equalizing protein response without the deleterious effect of SDS on peak shape; zwitterionic or non-ionic detergents, such as octyl glucoside, might be effective.
The use of chromatography to detect proteinuria could have advantages for automated screening for renal disease and monitoring of kidney damage. Chromatographic methods should perhaps be seen as complementary to the excellent pattern recognition abilities of micro SDS-PAGE.
